The in situ identification of carbohydrate structures in Trichinella spiralis intestinal larvae, adults and L1 muscular larvae was carried out by lectin histochemistry, with emphasis on the O-linked glycans. The absence of reactivity with two lectins-TML and MAL indicated thatTrichinella spiralis does not synthesize sialic acid. Reactivity with HPA, VVL-B4, PNA and UEA-I staining suggested that T. spiralis synthesizes and expresses on its cuticle O-linked glycans analogous to Tn-antigen (GalNAc-α-Ser/Thr), T-antigen (Gal-β1,3-GalNAc-α-Ser/Thr) and also structures analogous to A-blood group antigens (GalNAc-α1,3-Gal-β1,3(4)-(Fuc-α1,2-)-R). Expression of the saccharidic moieties is stage-specific. Blood group-A and T-antigen structures were identified on the cuticle of the intestinal and muscular larvae. The Tn-antigen structure was missing in the intestinal larvae. Appropriate ligands for WGA were not identified in the adult individuals. The obtained results may contribute to a better understanding of the glycobiology of this parasitic nematode in relation to occupation of its intracellular niche. The presence of saccharidic structures analogous to some of those expressed on the intestinal epithelial cells may serve as a protective shield on the surface of the parasite.
Introduction
Trichinellosis results from an infection by a parasitic nematode belonging to the genus Trichinella. The species most frequently associated with human infection is Trichinella spiralis (Owen, 1835) the species that is normally found in domestic pigs (Bruschi & Murrel 2000) . Virtually all mammals are susceptible to the infection that is acquired by the ingestion of animal muscle tissue containing infectious T. spiralis larvae (L1) (Bruschi & Murrel 2000) . They initiate the infection by penetrating columnar epithelium of the host small intestine, where they molt to adulthood (stages L2 -L3 -L4 -adults), mate and reproduce. The females shed newborn larvae, which leave the intestine via the blood stream and lymph. The T. spiralis life cycle is completed when these immature L1 larvae invade the striated muscle cells of the host (Bruschi & Murrel 2000; Schantz & Dietz 2001) . During the intestinal phase of infection, larvae and adult parasites establish an intramulticellular niche composed by serial rows of enterocytes (Despommier et al. 1978; Wright 1979) . The tyvelose-bearing excretory/secretory products (ESP) of L1 larvae probably help the process of invasion (McVay et al. 1998 ). However, the molecules due to which Trichinella adhere to the enterocyte or the epithelial cell target are still unknown (Moncada et al. 2003) .
The parasitic helminths are in a close contact with the host tissues and fluids. The fundamental mechanisms implicated in the regulation of the host-parasite relationship are accomplished within the contact zone that includes the integument and digestive system of the parasite and also the host tissues and fluids. All parasites have carbohydrates on their surfaces, as a part of their cytoskeleton or in their internal structures, and these molecules have been found responsible for many of the biological functions of organisms (Reuter et al. Babál et al. (1994) 1988). Therefore, the role of the surface glycoconjugates in parasitism by protozoans and helminths is becoming a subject of rising interest (Dell et al. 1999; Harnett & Harnett 2001) . The aim of the present work was to probe and analyze in situ some of the terminally-positioned sugars, which are implicated in the oligosaccharide structures on the outer surface and also inside of the body of T. spiralis intestinal and muscle larvae and adult individuals by means of lectin histochemistry, with the emphasis on the O-linked glycans.
Material and methods

Sample preparations
Trichinella spiralis (ISS004) larvae were released by artificial digestion following the standard protocol according to Kapel & Gamble (2000) and kept in saline solution until inoculation of experimental mice.
Experimental inbred BALB/C, 6-8 weeks old male mice were inoculated with 500 infective T. spiralis larvae per os using a syringe fitted to a feeding needle. Mice were housed in plastic cages containing wood shavings and wooden sticks according to EU animal care standards and were given water and standard laboratory animal pellets ad libitum. The animals were divided into three groups. The intestinal stage was investigated 15 hours post inoculation (h.p.i.) and 6 days post inoculation (d.p.i.) -groups one and two, respectively; the muscular stage was investigated 40 d.p.i. -group three. Following the design of the experiment, euthanasia was performed by overdose of ether inhalation.
Small intestine excisions and muscle samples taken from hind legs and masseters were fixed in 4% formaldehyde in phosphate-buffered saline (PBS), pH 7.4 for 24 hours and longitudinal samples and cross section samples were processed in paraffin. After fixation, tissue samples were trimmed and embedded in paraffin and 5 µm thick sections were cut. In order to detect the nematodes series of sections per sample were stained with haematoxylin and eosin (H&E) and investigated in light microscopy.
Lectin histochemistry
The lectins used in this work and their specificities are shown in Table 1 . Briefly, the work was performed using lectins that bind L-fucose (Fuc), sialic acid (Neu5Ac), Nacetyl-D-galactosamine (GalNAc), D-galactose (Gal) and N-acetyl-D-glucosamine (GluNAc).
Parallel sections of each specimen were histochemically stained with biotinylated lectins: TML (CalbiochemNovabiochem, San Diego CA, USA), PNA, MAL-II and VVL-B4 (Vector, Burlingame CA, USA), UEA-I, HPA, and WGA (Sigma-Aldrich). Their optimal concentrations were firstly tested on human colorectal carcinoma (from the archives of Department of Pathology, Faculty of Medicine, Comenius University in Bratislava) and then on mice small intestine of healthy control animals. Lectin histochemistry was performed as previously described (Babál & Gardner 1996) . Briefly, deparaffinized sections were rehydrated in phosphate-buffered physiological salt solution (PBS) pH 7.4. Endogenous peroxidase was blocked with 0.3% hydrogen peroxide in PBS (pH 7.4) and endogenous biotin was blocked with Ultra V Block (Lab Vision Corporation) 10 min incubation. The sections were then incubated 60 min with the following biotin-conjugated lectins: WGA (2.5 µg ml −1 ), UEA-I (50 µg ml −1 ), PNA (50 µg ml −1 ), HPA (20 µg ml −1 ), VVL-B4 (3.3 µg ml −1 ), MAL-II (2.5 µg ml −1 ) and TML (6.6 µg ml −1 ) diluted in PBS. In order to avoid possible nonspecific binding activity, some of the experiments were performed with lectins that had been preincubated with 0.1 M solution of the target monosaccharide for 30 min at room temperature: N-acetylneuraminic acid (Sigma-Aldrich) for TML, MAL and WGA, α-Dgalactose-1-phosphate, dipotassium salt and D-galactose (Sigma-Aldrich) for HPA, VVL-B4 and PNA, N-acetyl-Dgalactosamine (Sigma-Aldrich) for HPA and VVL-B4 and L-Fuc (Sigma-Aldrich) for UEA-I. Then, all of the sections were incubated 20 min with streptavidin-horse-radish peroxidase complex (Sigma-Aldrich). Peroxidase activity was developed with 3,3'-diaminobenzidine (Sigma-Aldrich) and the samples were counterstained with haematoxylin and mounted in acrylic resin. The slides were washed three times in PBS for 5 min between all steps.
The staining intensity of the nematode integument and inside the body was evaluated semi-quantitatively by two independent observers into four arbitrary categories: no labeling, weak, moderate and strong.
Results
Thirteen h.p.i. the second molt of T. spiralis was documented in the small intestine so that our 15 hours old larvae were expected to be in their L3-L4 stage. The adult stage occurs at least 26 h.p.i. (Kozek 1971) .
The staining was evaluated mainly toward the cuticle of the muscular larvae (L1 larvae) and also about the integument on the intestinal larvae and adults as well as the cover of embryos, where they were found, during the intestinal infestation. Concerning the intestinal larvae and the adults, the term "integument" seemed to be more appropriate because in many cases it was quite difficult to demarcate the cuticle from the underlying hypodermis. Apart from the external body surface, we noted also the staining on the luminal surfaces of the alimentary canal, the excretory canaliculi and the hypodermal glands of the intestinal forms, and the scattered positive staining within the stichocytes in both forms, intestinal and muscular.
Sialic acid (Neu5Ac) Evaluation of nematodes from all three age groups showed negative staining results with TML and MAL (data not shown). WGA reactivity was limited at the adult stage. This lectin stained intensely the lumen of the alimentary tract and the excretory canaliculi of the intestinal 15 hours old larvae and the L1 muscular larvae mainly, the stichocytes showed weak positivity. The body cover of the embryos was labeled moderately. Within the ovaries of the intestinal larvae and adult forms, the oocytes had a cover that reacted with WGA (Fig. 1) . The staining intensity did not decrease significantly after WGA pre-incubation with Neu5Ac.
Fucose (Fuc)
UEA-I showed moderate labeling on the cuticle of 15-hours-old specimens ( Fig. 2A) . Compared to the intestinal larvae, the adult forms have lost the surface binding but moderate UEA-I staining was presented in the hypodermis. The embryos cover was also negative, however, in most of the cross-sectioned embryonal bodies we found moderate UEA-I staining that was scattered inside of the body, probably within the stichosome (Fig. 2B) .
Concerning L1-larvae, there was weak thin outline on the cuticle. The stichocytes and also the luminal surface of the excretory canaliculi were strongly positive with UEA-I.
Galactose (Gal)
In most of the intestinal larvae the cuticle was well demarcated from the hypodermis, both stained moderately to strongly with PNA. Strong labeling with this lectin also showed the hypodermal glands (Fig. 3A) . Pre-incubation of PNA with galactose removed the staining of all of the indicated areas completely. The same procedure with α-D-galactose-1-phosphate significantly reduced the staining intensity.
The integument of the adult worms was stained intensely, as well as the embryos cover and the eggshell. Some specimens showed moderate PNA labeling scattered in the stichosome (data not shown). The stichosome of L1 larvae was strongly positive for PNA and the lumen of the excretory canaliculi, too. On the cuticle there was a contour of strong PNA positive staining (Fig. 3B) . Pre-incubation of PNA with galactose completely removed the staining of all of the indicated areas, while the same procedure with α-D-galactose-1-phosphate did not affect the reaction intensity.
N-acetylgalactosamine (GalNAc)
In order to demonstrate the presence of this sugar we used two lectins: HPA and VVL-B4, both of which showed similar pattern of perinuclear granular positivity corresponding to the Golgi apparatus in the mouse intestine epithelial cells. We used this labeling as a reference point, which completely disappeared after GalNAc pre-incubation with the lectins. Pre-incubation of HPA with α-D-galactose-1-phosphate or galactose reduced moderately the perinuclear staining of epithelial cells. As for VVL-B4, after addition of galactose, only a weak staining was presented within the area of Golgi but treating with α-D-galactose-1-phosphate or GalNAc completely inhibited it.
Although in most intestinal specimens (larvae and adults) it was difficult to distinguish the cuticle and the underlying hypodermis, we found that HPA stained strongly the integument, the hypodermal glands and some of the luminal surfaces, probably alimentary, of the intestinal larvae. In some specimens there was a thin, moderately HPA-positive layer on the cuticle. The outer cover of the embryos was also strongly positive. HPA strongly reacted with the cuticle and the stichosome of the L1-larvae. After pre-incubation of HPA with galactose or α-D-galactose-1-phosphate, the thin line on the outer cuticle surface and the staining inside of the body and the glands were not affected (Fig. 4A ). HPA treating with GalNAc resulted in complete removal of the labeling. Pre-incubation of HPA with galactose removed the integument staining of the adults but treatment of this lectin with α-D-galactose-1-phosphate and GalNAc did not affect it substantially.
VVL-B4 stained weakly the cuticle, hypodermis and the hypodermal glands of the intestinal larvae. There was a strong scattered positivity within some of the specimens. Pre-incubation of VVL-B4 with GalNAc virtually did not change the intensity of the positive staining of the indicated areas with the exception for the scattered positivity that was reduced to weak staining. VVL-B4, pre-incubation with α-D-galactose-1-phosphate or galactose resulted in almost complete abolishment of the staining of the intestinal larvae.
The cuticle and the hypodermal glands of the adult worms, as well as the cover of the embryos, were stained moderately to strongly. On L1-larvae, the VVL-B4 positive staining was presented as a thin vivid line on the cuticle surface and weak scattered veil within the stichosome, but the capsule padding was negative (Fig. 4B) . When observed, the hypodermal glands were strongly stained. Preincubation of VVL-B4 with GalNAc, α-D-galactose-1-phosphate or galactose resulted in complete removal of the staining.
Discussion
Lectins are proteins or glycoproteins that specifically recognize and label sugar moieties or certain glycosidic linkages. They have been confirmed as an excellent tool for characterization of carbohydrates that form oligosaccharide component of glycoconjugates, because of their ability to discriminate a variety of complex glycan structures that are found on the cellular surface, in the extracellular matrix and attached to soluble glycoproteins (Spicer & Schulte1992) .
Like many other nematodes, Trichinella synthesizes a great variety of glycans exposed on its cuticle. Those, whose structure had been elucidated are N-linked and the preferred antenna building block is GalNAc-β-1,4-GlcNAc or "lacdiNac" antennae Morelle et al. 2000) . The existence of O-linked structures is also expected since the enzymatically cleaved N-glycans were found to react only with a part of tested protective antibodies ). The present work used a set of lectins in combination with several target monosaccharides for characterization of the carbohydrates that form the oligosaccharide chains of Trichinella glycans, mainly on its cuticle.
All Trichinella spiralis developmental stages investigated in this study were found to be negative for both sialic acid specific lectins TML and MAL. However, WGA is also known to possess affinity towards sialic acid residues, although this is much weaker than the affinity to GlcNAc (Gallagher et al. 1985) . The partial decrease of staining, with WGA after Neu5Ac pretreatment may result from the sterical conformation changes and does not indicate the existence of sialic acid in Trichinella. This is supported also by the absence of TML reactivity in the parasite. Actually, no data on sialic acids presence in parasitic nematodes were found in the available literature. The absence of sialic acids has been reported in the nematodes Panagrellus redivivus (L., 1767) and Caenorhabditis elegans (Maupas, 1900) (Bacic et al. 1990; Reuter et al. 1991) . The analysis of N-linked glycans of adult T. spiralis also failed to demonstrate the presence of acidic saccharides (Morelle et al. 2000) . The lack of reactivity with TML and MAL demonstrated in this work is supported by the observation described by Gruden-Movsesijan et al. (2002) on blotted ESP from muscular larvae with the absence of SNA I (Sambucus nigra agglutinin) staining. This allows us to conclude that T. spiralis does not synthesize sialic acids.
Although in this study we used WGA in context of its ability to recognize also sialic acid residues, the monosaccharide that WGA binds with high affinity is GlcNAc. This lectin was shown to be strongly inhibited by short sequences of GlcNAc units, however, GlcNAc itself is a poor inhibitor (Goldstein et al. 1975) . WGA also possesses high affinity to polylactosamine glycans, where it has been clearly shown that it interacts with the internal GlcNAc residues (Gallaghar et al. 1985) . On mammalian cell surfaces, GlcNAc residues have been found in continuous sequences only in Nlinked oligosaccharides, where they form the core that is attached to the asparagine. The binding of such components is weak in the absence of the bisecting GlcNAc residue that is present in the hybrid type N-bound oligosaccharides (Yamamoto et al. 1981) . GlcNAc is highly represented in T. spiralis N-glycans, where it is either in terminal position or it is implicated in the so called "lacdiNAC" antennae. This structure is restricted in mammalian glycoproteins but in many helminths, including Trichinella, it is the preferred building block (Morelle et al. 2000; Appleton et al. 2001) . We observed limited reactivity of the adult worms with WGA. Indeed, bisecting GlcNAc is unlikely to exist in N-linked oligosaccharides, nor the polylactosamine sequences (Morelle et al. 2000) . Our results showed that the larval stages (intestinal and muscular) and the embryos express the appropriate ligand for this lectin due to their reaction with WGA. L1 muscular larvae synthesize several ES glycoproteins that bind WGA but it is not likely they to possess "lacdiNAc" structure (Gruden-Movsesijan et al. 2002) .
The lectins used in our study that are assumed to recognize structures common for the O-linked glycans were HPA, VVL-B4, PNA and UEA-I.
In the nematodes, the changed pattern of labeling with VVL-B4, HPA and PNA after pre-incubation with the galactosides indicated that the intestinal larvae express α-D-galactose-1-phosphate and also Gal-β1,3-GalNAc structure (T-antigen) on their cuticle. GalNAc inhibited the reaction with HPA but did not affect the weak superficial staining with VVL-B4. On the other hand, the UEA-I labeling demonstrated that the cuticle of 15-hours-old larvae possesses α1,2-fucosyl residues. Unlike most other lectins, HPA has a sugar combining site, the size of which may not be larger than that of one α-linked GalNAc residue (Hammarström & Kabat 1969) . Furthermore, this lectin interacts not only with the single such sugar residue linked to protein, but also with GalNAc residues located at the non-reducing terminus of O-glycosidically linked oligosaccharides. The internal GalNAc residues are not reactive with the Helix pomatia (L., 1758) agglutinin (Roth, 1984) . This part of our results may lead to the assumption that the terminal GalNAc residue expressed on the cuticle of the intestinal T. spiralis larvae, which reacts with HPA only, belongs to structures analogous to A-blood group and not to Tn-antigens. The VVL-B4 does not bind GalNAc residues of the glycans probably due to the steric hindrance of the fucosyl residue. Indeed, it has been reported that B4-isoform of VVL failed to agglutinate A-blood group erythrocytes but was clearly shown to bind GalNAc-α-Ser/Thr (Tn-structure) (Tollefsen & Kornfeld 1983a, b; Puri et al. 1992) .
UEA-I labeling was missing on the cuticle of the adult forms. The lack of fucose at the outer position in the structure of N-bound glycans of adult T. spiralis crude extract was reported several years ago (Morelle et al. 2000) and the authors assumed that most of the complex structures were core fucosylated. UEA-I is known to recognize α1,2-bound fucose, a sugar residue situated closely to the outer terminus of the oligosaccharide (Watkins 1980; Sugii & Kabat 1982) . Since there was UEA-I labeling of the hypodermis of the adult forms it is tempting to speculate that they synthesize O-bound glycans containing α1,2-Fuc but do not express oligosaccharides similar to A-blood group on their cuticles. Our results showed that Trichinella probably exposes on its cuticle both Tn-and T-antigens that were demonstrated by the interaction with VVL-B4 and PNA.
The cover of T. spiralis embryos was shown to express carbohydrates similar to T-antigen due to the interaction with PNA and also structures analogous to Tn-antigen because of the binding of HPA and VVL-B4. The lack of UEA-I staining on the cuticle showed that during the embryonic stage A-blood group antigens are not displayed on the surface. However, such structures are synthesized in the stichosome. Unlike to the adult individuals, HPA pre-incubation with galactose did not affect the staining on the embryos.
Concerning the T. spiralis L1 muscular larvae, the results showed that during this stage carbohydrates similar to A-blood group antigens, Tn-and T-antigens illustrated by UEA-I, HPA, VVL-B4 and PNA labeling, respectively, are present on the cuticle. These data for the first time provide histochemical proof of O-bound glycans existence in T. spiralis. The presence of termi-nal α-Gal residues and also T-antigen structure have been indicated by probing of blotted T. spiralis muscle larvae excretory/secretory products (ESP) with Artocarpus altilis ((Parkinson) Fosberg, 1941) agglutinin (AAA) (Gruden-Movsesijan et al. 2002) .
This study was designed to describe some sugar moieties of the glycans in different stages of T. spiralis life cycle. The obtained results may contribute to a better understanding of the glycobiology of this parasitic nematode in relation to occupation of its intracellular niche. In summary, T. spiralis does not synthesize sialic acid, which was illustrated by the absence of reactivity with two lectins, TML and MAL. The intestinal larvae expose α-D-galactose-1-phosphate on their surface since their HPA and PNA labeling was inhibited by this target sugar. T. spiralis synthesizes and expresses on its cuticle O-linked glycans analogous to Tn-antigen (GalNAc-α-Ser/Thr), T-antigen (Gal-β1,3-GalNAc-α-Ser/Thr) and also structures similar to A-blood group antigens (GalNAc-α1,3-Gal-β1,3(4)-(Fuc-α1,2-)-R). Ablood group antigens are stage-specific since they were presented on the cuticle of intestinal and muscular larvae, but they were missing on the surface of the adults and embryos. Tn-antigen-identical structure is also stage-specific since it was absent in the intestinal larvae. Apart from the adult individuals, the other three stages synthesize appropriate ligands for WGA. The L1 muscular larvae showed the richest variety of carbohydrates, including the O-linked glycans, whose more precise identification and their significance for sustaining of the intracellular environment would be a subject of our future work.
